corresponding receptors transduce downstream signaling events that subsequently result in the modulation of endothelial cell behavior. The most potent of these angiogenic signaling factors, VEGF, functions by binding to 1 of 3 cognate receptor tyrosine kinases (VEGF receptor [VEGFR] 1-3). 3, 4 Gene-targeting approaches in mice demonstrated a particularly important role for VEGFR2 (also known as kinase insert domain receptor [KDR]) in VEGF-mediated signaling, because VEGFR2-null mice die at embryonic day 8.5 to 9 because of defective blood-island formation and the near absence of vasculature. 5 Stimulation of KDR with VEGF results in KDR autophosphorylation and activation of several well-studied signal transduction pathways.
In contrast, the role of VEGFR1 (or fms-related tyrosine kinase 1 [FLT1]) during vessel formation remains controversial. In mice, depletion of FLT1 results in early embryonic lethality at embryonic day 8.5 to 9 because of increased hemangioblast commitment and disorganized blood vessel development as a result of endothelial cell overgrowth and excessive KDR activation. This suggests that FLT1 and its soluble splice variant sFLT1 (containing the extracellular VEGF-binding domain only) negatively regulate KDR signaling. 6, 7 In support of this concept, KDR phosphorylation levels are increased in embryonic stem cells (ESCs) lacking FLT1. 8 Despite a ≥10-fold higher affinity for VEGF than KDR, the level of FLT1 phosphorylation after VEGF exposure is extremely low. 9 Mice lacking the kinase domain of FLT1 have normal vasculature development, supporting the idea that FLT1 fine-tunes KDR signaling by sequestering VEGF and preventing it from binding to KDR. 9, 10 Although KDR and FLT1 seem to be important for vascular endothelial cell development, various genetic studies implicated a particularly important role for VEGFR3 in establishing and maintaining lymphatic endothelial cells. 11, 12 In vascular endothelial cells, VEGFR3/FLT-4 functions mainly in arterial/venous endothelial cell determination during intersegmental vessel sprouting through its ligand VEGF-C. 13, 14 In light of the complexity among angiogenic and antiangiogenic stimuli, careful balancing of signals that control endothelial cell behavior is essential for the establishment, maintenance, and remodeling of the vasculature. 15 In addition to known proteins that regulate downstream kinase activation cascades, the posttranscriptional titration of key angiogenic signaling nodes by microRNAs (miRNAs) has gathered particular interest. 16 miRNAs are small, single-stranded, endogenous noncoding RNAs averaging 22 nucleotides in length. miRNAs bind to target mRNAs based on sequence complementarity, as well as accessibility of the potential target site, and negatively regulate gene expression by either translational inhibition or destabilization of target mRNAs. 17 Several miRNAs regulate angiogenic signaling, including miR-126, members of the miR-17 to miR-92 cluster and miR-21. [18] [19] [20] [21] miR-10 function is dysregulated in various cancers, in which it was implicated in mediating tumor invasion and metastasis by altering the levels of its target, homeobox D10 (HOXD10). 22 However, little is known about its function in endothelial cells. Fang et al 23 recently demonstrated an involvement for miR-10 in regulation of the proinflammatory response in athero-susceptible endothelium by directly targeting key regulators of nuclear factor-κB activation. Additionally, Shen et al 24 demonstrated a role for miR-10b in regulating angiogenesis specifically in response to thrombin through down regulation of HOXD10. 24 Here, we describe a novel role for miR-10 in modulating the angiogenic behavior of endothelial cells during development, in part, through direct regulation of FLT1 and its soluble splice isoform sFLT1.
Methods
Care and breeding of zebrafish (Danio rerio) was performed essentially as described. 25 The Tg(kdrl:EGFP)s843 and Tg(kdrl:nlsEGFPzf 109 ), Tg(kdrl:HsHRAS-mCherrys 896 ) 26, 27 strains were used. For immunofluorescence analysis in zebrafish, we used anti-MF20 (Developmental Studies Hybridoma Bank; 1:5) and anti-znp1 (Developmental Studies Hybridoma Bank; 1:100) antibodies.
Human umbilical vein endothelial cells (HUVECs) and recommended medium were purchased from ScienCell and cultured according to manufacturer's recommendations.
Undifferentiated mouse ESCs were propagated on gelatin-coated cell culture plastic (Nunc) in Glasgow minimum essential medium supplemented with 10% fetal bovine serum, 0.1 mmol/L nonessential amino acids, 2 mmol/L GlutaMAX, 0.1 mmol/L sodium pyruvate (Invitogen), 0.1 mmol/L 2-mercaptoethanol (Sigma-Aldrich), and 1500 U/mL leukemia inhibitory factor (LIF; Millipore). ESC were passaged every 2 to 3 days with TrypLE Express (Invitrogen) with daily medium changes. ESCs were dissociated to single cells and differentiated as embryoid bodies in ultra-low attachment plates (Corning) in Glasgow minimum essential medium supplemented with penicillin/streptomycin, 2 mmol/L GlutaMAX, 0.1 mmol/L nonessential amino acids (Sigma-Aldrich), and 20% fetal bovine serum at a final concentration of 100 000 cells/mL.
The following antibodies were used: anti-Flk1 (BD Pharmigen; 560680), anti-VE-cadherin (Ebio-17-1441), anti-FLT1 (Abcam; 1:500), anti-KDR (Cell Signaling; 1:2000), anti-phospho-KDR (Cell Signaling; 1:1000), anti-GAPDH (Santa Cruz; 1:2000), and anti-HOXD10 (Santa Cruz; 1:200), anti phosphohistone H3 (Cell Signaling; 1:200), and andanti-Annexin V (Abcam; 1:200). For phospho-KDR Western blots, HUVEC were serum-starved overnight and then treated with 2 or 10 ng/ mL human recombinant VEGF (BD Biosciences) as indicated for 10 min.
For all the other experimental details, see the Online Data Supplement.
Results

miR-10 Expression Is Induced After Mesoderm Specification in ESCs and Is Enriched in KDR + Cells
The miR-10a/10b isoforms are encoded in a highly con served location within the developmental regulator cluster of homeobox (HOX) genes, a feature shared only by miR-196 and miR-615 (Online Figure I) . 28, 29 To determine when miR-10 expression is induced during early development, we assayed miR-10a and miR-10b expression, along with several marker genes, by quantitative reverse-transcriptase polymerase chain reaction, using mRNA derived from embryoid bodies at progressive stages of differentiation from mouse ESCs ( Figure 1A and 1B). Brachyury, a marker of early mesoderm, was dramatically induced at day 4 of differentiation, as was Sox17, a marker of endoderm ( Figure 1A ). Expression of miR-10a and miR-10b was significantly upregulated after mesoderm and endoderm induction at day 6 ( Figure 1B ). Interestingly, KDR/VEGFR2 expression was similarly induced at day 6 and further increased until day 10, suggesting that miR-10 might get induced in differentiating KDR-positive populations. During mouse ESC differentiation, miR-10a was expressed more abundantly than miR-10b ( Figure 1B ). The cardiomyocyte marker Myh7 was robustly detected at D8 ( Figure 1A ). We next tested whether miR-10 might be expressed and enriched in endothelial cells and found that miR-10a but not miR-10b was almost 3.4-fold enriched in KDR/VE-cadherinpositive endothelial cells compared with KDR/VE-cadherinnegative nonendothelial cells ( Figure 1C ).
miR-10 Regulates Angiogenesis In Vivo
Zebrafish express up to 4 miR-10 isoforms (miR-10a-d) encoded in 5 independent transcripts ( Figure 2A ). By quantitative reverse-transcriptase polymerase chain reaction, we found that expression of all 4 isoforms was induced at 14 hours postfertilization (hpf) and peaked at 20 hpf ( Figure 2B ). By 24 and 48 hpf, miR-10a and miR-10b levels had decreased, whereas the expression levels of miR-10c and miR-10d were similar to those found at 14 hpf ( Figure 2B ).
To investigate loss-of-function effects during development, we injected 2 unique morpholino (MO)-modified oligonucleotide mixtures (MO-miR-10 and MO-miR-10*) into Figure 2C ). MO-miR-10 consists of 2 MOs that block the processing of pri-miR-10a and pri-miR-10b-1, resulting in profoundly reduced levels of mature miR-10a and miR-10b and, because of high homology, miR-10c and miR-10d (Figure 2A and 2D). MO-miR-10* consists of 4 MOs that target pre-miR-10 star isoforms ( Figure  2A) , which affect the processing of the mature miRNA and its corresponding star isoform. 30 Injecting MO-miR-10* decreased mature miR-10 levels similar to MO-miR-10, demonstrating the efficacy of both MOs ( Figure 2D) . Importantly, the level of zebrafish hoxb4a, where miR-10c resides intronically, was not appreciably altered by miR-10 MOs ( Figure  2D ). 31 Reduction of miR-10 levels by MO-miR-10 or MO-miR-10* led to identical angiogenic phenotypes (Online Figure II ). Because injection of MO-miR-10 was slightly more efficient in decreasing mature miR-10 levels and led to a more robust phenotype, all subsequent experiments were performed with this MO mixture.
At 72 hpf, MO-miR-10-injected and control-injected embryos had no differences in gross morphology ( Figure 2C , top row). However, examination of transgenic zebrafish expressing green fluorescent protein under the control of an endothelial-specific promoter, which marks the vasculature [Tg(kdrl:EGFP) s843 ], revealed that tail blood vessel formation was strongly affected by MO-miR-10 injection ( Figure 2C ).
The intersegmental vessels (ISV) in the zebrafish tail first sprout from the dorsal aorta and subsequently grow dorsally to form the dorsal longitudinal anastomotic vessel. By 72 hpf, the ISVs in control embryos are aligned well and fully developed ( Figure 2C , bottom panel). 32 In contrast, in miR-10-deficient embryos, ≈6% of ISVs completely failed to sprout, whereas 50% of the sprouting ISVs stopped at the horizontal myoseptum, instead forming an ectopic longitudinal anastomotic vessel centered along the midline ( Figure  2C and 2E). Furthermore, although some ISVs in MO-miR-10-injected embryos showed proper growth, 80% of all scored miR-10-deficient ISVs displayed defective formation of the dorsal longitudinal anastomotic vessel ( Figure  2C and 2E). miR-10 also regulates the expression of several Hox genes. 22, 31, 33 Hox gene function is essential for correct anterior-posterior patterning and normal somite morphogenesis during embryogenesis. Because dysmorphic or mispatterned somites can cause vascular defects, we evaluated whether miR-10-deficient embryos had development of normal somites. 34, 35 Immunolabeling of myosins in the somites (Online Figure IIA 
Knockdown of miR-10 Affects Angiogenic Behavior of HUVECs In Vitro
The high conservation of miR-10 between zebrafish and humans enabled us to use a single zebrafish MO to block processing of pre-miR-10 into mature miR-10 in HUVECs ( Figure  2A and Online Figure I ). Electroporation of this morpholino significantly decreased both mature miR-10a and miR-10b levels ( Figure 3A ). Importantly, mRNA levels of Hoxd3, where miR-10b is intronically encoded and which spans the Hoxd4 locus, were unaffected ( Figure 3A ).
VEGF exposure significantly increased cell number in serum-starved control but not in miR-10-deficient HUVECs ( Figure 3B ), whereas transfection of a miR-10 mimic enhanced cell proliferation in response to VEGF compared with mock-transfected cells. Immunostaining for the cell death marker Annexin V confirmed that miR-10-deficient HUVECs did not display increased cell death, suggesting that miR-10 affects VEGF-mediated cell proliferation ( Figure 3C ). To assess how miR-10 depletion affects the angiogenic potential of HUVECs, we used a matrigel capillary tube formation assay to assess sprouting activity and capillary network complexity. miR-10 deficiency in HUVECs resulted in significantly shorter tube length and fewer branching points after 24 hours than in control cells, indicating overall reduced angiogenic potential ( Figure 3D ). Interestingly, overexpression of miR-10 led to similar tube lengths as observed in control but significantly more sprouting and branching activity ( Figure 3D ). Furthermore, lentiviral-mediated knockdown of miR-10 decreased angiogenic potential in a HUVEC 3-dimensional spheroid-based sprouting assay (Figures 4A and Online Figure VIIA ). We next examined migratory potential after VEGF exposure using the scratch (wound closure) assay. In control-transfected confluent HUVEC cultures, cells quickly began to migrate into the cell-cleared area after the scratch, and the wound closed 28±10% by 8 hours and 70±10% after 24 hours. In contrast, cell migration into the wound area of miR-10-deficient HUVECs was severely reduced, with only 17±2% (P<0.05) at 8 hours and 30±7% closure by 24 hours (P<0.0002) ( Figure 3E ). Conversely, overexpression resulted in a significantly increased migratory behavior, with 30±11% and 84±10% wound closure at 8 and 24 hours, respectively ( Figure 3E ). Furthermore, kinetic measurements of cell attachment revealed significantly lower adhesion of MO-miR-10-deficient HUVECs than controls (Online Figure IV) .
To evaluate whether miR-10-deficient HUVECs also display less angiogenic potential in situ, we engrafted control and miR-10 knockdown cells subcutaneously into mice using a matrigel xenografting assay. 37, 38 The reduction of miR-10 in the HUVEC xenograft resulted in decreased mean vessel density compared with control-transduced cells (P<0.05) ( Figure 4B ).
miR-10 Deficiency Affects Endothelial Cell Behavior In Vivo
Because miR-10 depletion significantly affected human endothelial cell behavior, we evaluated its effects in vivo in double-transgenic zebrafish that expressed nuclear-localizing green fluorescent protein and cytoplasmic mCherry in all endothelial cells of the vasculature [Tg(kdrl:nlsEGFPzf 109 ; Tg(kdrl:HsHRAS-mCherrys 896 )]. In scrambled control-MOinjected embryos, ISV cells emerged from the dorsal aorta at approximately 20 hpf and migrated dorsally. At 24 hpf, the majority of control ISVs consisted of 2 (49.96±12%) or 3 (34.16±7%) endothelial cells evenly distributed over the length of the ISV from the dorsal aorta to approximately the level of the horizontal myoseptum ( Figure 5A, 5B) . Thereafter, ISVs continued to migrate dorsally until they reached coalesced to Figure 5A and 5C ). In 24 hpf miR-10-deficient embryos, most ISVs reached the horizontal myoseptum, although some ISVs failed to sprout ( Figure 5A ). However, most had significantly fewer cells or ISV ( Figure 5B ). At 48 hpf, most ISVs in MO-miR-10-injected embryos grew only halfway, halting at the horizontal myoseptum, with the majority of ISVs consisting of 2 endothelial cells (48.9±11%) ( Figure 5A and 5C) . Notably, endothelial cells aggregated within ISVs and were seemingly unable to separate during dorsal migration, suggesting defective migration ( Figure 5A ).
To determine whether miR-10 overexpression could promote angiogenic behavior in vivo, we injected miR-10 mimic into Tg(kdrl:EGFP)s843 transgenic fish. miR-10 overexpression had no obvious morphological defects ( Figure 5D ), and overall angiogenesis appeared normal. However, by 48 hpf, zebrafish expressing excess miR-10 had development of pericardial edema accompanied by blood congestion at the inflow tract, indicative of cardiac dysfunction ( Figure 5D ). Interestingly, Tg(kdrl:nlsEGFPzf 109 and Tg(kdrl:HsHRAS-mCherrys 896 embryos overexpressing miR-10 revealed a significant increase in endothelial cells or ISV at 50 hpf ( Figure  5E and 5F), indicating that miR-10-overexpressing endothelial cells have enhanced angiogenic potential in vivo.
miR-10 Directly Modulates FLT1 Levels Posttranscriptionally
To understand the molecular mechanism by which miR-10 modulates endothelial cell behavior, we searched for direct miR-10 targets using microRNA prediction programs, including an algorithm developed in our laboratory that integrates sequence complementarity and mRNA target site accessibility (K. Ivey, PhD, D. Srivastava, MD, unpublished data). We cloned the 3′ untranslated region (UTR) of putative targets containing the possible miR-10-binding site into the 3′ UTR of a luciferase construct and tested the ability of miR-10 to repress luciferase expression in COS-7 cells. We chose the 3′ UTR of the validated miR-10 target HOXD10 as a positive control and tested the 3′ UTRs of FLT1, its soluble splice variant sFLT1, and sprouty 4 based on binding sites and their known function in regulating endothelial cell biology. 21, 39, 40 miR-10 significantly repressed the expression of luciferase constructs containing the 3′ UTR of HOXD10, FLT1, and sFLT1, but not sprouty homolog 4 ( Figure 6A and 6B and Online Figure VI) . Importantly, mutating the potential binding site for miR-10 in the 3′ UTR of HOXD10, FLT1, and sFLT1 abolished miR-10-dependent repression of luciferase activity.
By quantitative reverse-transcriptase polymerase chain reaction, we found that mRNA levels derived from miR-10-deficient HUVECs were unchanged; however, FLT1 levels from MO-miR-10-injected zebrafish were significantly upregulated, suggesting differential effects of miR-10 on FLT1 mRNA in humans and zebrafish ( Figure 6C ). Strikingly, FLT1 protein levels were dramatically upregulated in miR-10-deficient cells compared with control HUVECs (Figure 6D ). Additionally, by ELISA we found a 3.4±0.58-fold (P<0.05) increase in sFLT1 protein levels in the supernatant of MO-miR-10-transfected HUVECs compared with control-transfected cells ( Figure  6E ). These results clearly show that miR-10 directly targets the 3′ UTR of FLT1 and sFLT1, and thereby titrates the level of FLT1/sFLT1 protein.
Increased FLT1 Levels in miR-10 Deficiency Antagonize KDR-Dependent Signaling
Although much is known about VEGF receptor 2 (KDR) signaling and function in endothelial cells, comparatively little is known about the function of FLT1; however, it is thought to function, in part, by preventing VEGF binding to KDR. 6, 41 Since FLT1 has a significantly higher affinity for VEGF than KDR, we hypothesized that increased levels of FLT1 upon miR-10 deficiency would compete for VEGF binding under low VEGF conditions, putatively resulting in decreased VEGF-KDR binding. We measured VEGF-mediated autophosphorylation of KDR in control or MO-miR-10transfected HUVECs cultured with low levels of VEGF (2 ng/mL) and found that knockdown of miR-10 caused a heterogeneous but significant decrease in KDR phosphorylation ( Figure 6F ). Interestingly, higher doses of VEGF (10 ng/mL) resulted in similar phosphorylation of KDR in miR-10-deficient HUVECs and controls, yet phenotypic defects persisted ( Figures 3B-3E and 6F ), suggesting that signaling downstream of FLT1 also may contribute to the observed antiangiogenic effect. 8, 39, 42, 43 To test whether reduced KDR function might cause angiogenesis defects similar to miR-10 deficiency, we treated 20 hpf embryos in which trunk vessels already had developed, but ISVs had not started to sprout, with low doses of the VEGFR2-specific inhibitor SU5416. 44 At 30 hpf, inhibitortreated embryos displayed blunted growth of ISVs stalled at the midline and significantly fewer endothelial cells per ISV ( Figure 7A ). Hence, pharmacological inhibition of KDR activity results in an angiogenic phenotype closely resembling miR-10 deficiency. To determine whether increased FLT1 and sFLT1 levels could induce angiogenesis defects similar to decreased miR-10 in vivo, we injected full-length FLT1 mRNA in zebrafish. This resulted in ISV profiles similar to KDR inhibition, consisting of predominantly 2 endothelial cells ( Figure 7A ). Increasing sFLT1 resulted in a more dramatic decrease in angiogenesis with significantly more ISVs consisting of only 0 to 1 cell per ISV, suggesting a more potent negative regulatory potential of sFLT1 on proangiogenic KDR signaling compared with full-length FLT1 ( Figure 7A) . Thus, increased expression of FLT1 mimics many of the angiogenic defects of miR-10 inhibition. Importantly, arterial and venous gene expression (Online Figure V) was unaffected on miR-10 knockdown compared with control embryos, suggesting that reduced VEGF signaling in MO-miR-10injected embryos did not alter arterial-venous fate in early vasculogenesis. 8, 45 Reducing FLT1 Levels Rescues miR-10
Knockdown-Induced Defects in Angiogenesis
If FLT1 levels contribute significantly to the defects seen in HUVECs and in zebrafish on miR-10 knockdown, then we hypothesized that reducing FLT1 protein levels could partly rescue miR-10 deficiency in endothelial cells. miR-10-deficient HUVECs transfected with a small interfering RNA against human FLT1 responded to VEGF treatment with a noticeable increase in cell number, comparable with that observed in control cells ( Figure 7B and Online Figure VII) . Immunostaining against the cell proliferation marker phosphohistone H3 revealed that reduction of FLT1 expression in miR-10-deficient HUVECs rescued VEGF-induced proliferation ( Figure  7C ). In vivo, we coinjected subphenotypic amounts of an established FLT1 MO together with MO-miR-10 and analyzed ISV formation at 36 hpf in Tg(kdrl:EGFP)s 843 embryos. 46 Whereas only 19±5% (n=185) of the embryos injected with MO-miR-10 alone showed normal ISVs, 63±3% (n=196) of embryos coinjected with FLT1 MO had development of normal ISVs compared with 99±0.5% of all control embryos with normal ISVs (Figure 7D ).
Discussion
Here, we provide evidence that miR-10 regulates endothelial cell behavior, and we demonstrate that loss of miR-10 severely affects angiogenesis in vivo. By directly targeting both FLT1 and its soluble splice isoform sFLT1, miR-10 functions to promote KDR-mediated signaling after VEGF exposure and can titrate proangiogenic signaling to fine-tune endothelial cell proliferation, migration, and adhesion.
In zebrafish embryos, we found that loss of miR-10 stalls ISV growth during angiogenesis. ISVs in MO-miR-10-injected embryos had fewer endothelial cells than did controls, indicating reduced proliferation, whereas increasing miR-10 levels produced ISVs with more endothelial cells but without ISV hyperbranching. Pathfinding of dorsally growing ISVs is controlled somewhat independently of VEGF-A. For example, semaphorin-plexinD1 signaling from the adjacent somites acts repulsively to guide endothelial cells during ISV growth. 47 We do not have evidence that increased miR-10 alters these signals, consistent with sprout guidance not being affected in miR-10-overexpressing endothelial cells. However, as described before, we rather found increased endothelial cell number per ISV in miR-10 overexpressing zebrafish larvae as an indicator of increased endothelial cell proliferation and enhanced angiogenic potential. 48 Furthermore, miR-10 deficiency in HUVECs disturbed angiogenic behavior in vitro, whereas increased miR-10 augmented some aspects of angiogenesis. Importantly, the angiogenic potential of miR-10-deficient HUVECs in a matrigel xenograft model was decreased, underscoring the importance of miR-10 in regulating angiogenesis.
We identified FLT1 and its soluble splice variant sFLT1 as direct targets of miR-10 and demonstrated that miR-10 depletion results in elevated FLT1 mRNA levels in zebrafish and increased FLT1 and sFLT1 protein levels in HUVECs. FLT1 is rigidly inserted in the plasma membrane and intrinsically modulates proliferation and migration, whereas sFLT1 functions extracellularly to spatially modulate VEGF availability and to regulate angiogenesis and vessel branching.
Mice lacking FLT1 display endothelial cell overgrowth, blood vessel disorganization, and hyperphosphorylated KDR. 6 Conversely, FLT1 activation causes defects in angiogenesis and endothelial cell proliferation in response to VEGF coincident with reduced KDR phosphorylation, indicating that FLT1 negatively modulates KDR-mediated proangiogenic signaling. 8, 49 In HUVECs, we showed that miR-10 depletion and lowdose VEGF stimulation led to decreased phosphorylation of KDR. This confirms that the upregulation of FLT1 and sFLT1 protein by miR-10 knockdown antagonizes KDR stimulation, most likely because of the higher affinity of both FLT1s for VEGF. Additionally, treatment with the KDR-specific inhibitor SU5416 mimicked the miR-10 knockdown phenotype in zebrafish, suggesting that the observed angiogenesis defects in miR-10-deficient zebrafish is caused by diminished KDR function.
Consistent with previous reports, we demonstrated that overexpression of FLT1 in zebrafish causes reduced ISV sprouting with vessels stalled halfway toward the dorsal root. 50 This phenotype is similar to that of miR-10-depleted embryos, suggesting that FLT1/sFLT1 upregulation on miR-10 knockdown critically contributes to the observed angiogenesis defect. In addition to increased cell numbers per ISV, FLT1 deficiency can result in excessive segmental vessel branching, an effect we did not observe in miR-10 duplexinjected larvae. 50 This discrepancy is likely attributed to the fact that excess miR-10 causes hypomorphic effects by only moderately reducing, rather than completely depleting, FLT1, leaving sufficient protein to influence endothelial cell division without affecting vessel sprouting. Ultimately, the ability to partially rescue the vascular phenotype in miR-10-deficient embryos with concomitant reduction of FLT1 levels suggests that the abnormal angiogenic behavior in endothelial cells lacking miR-10 is, to a great extent, caused by the increase in FLT1 protein.
FLT1 is unlikely to be the only important direct target of miR-10 in endothelial cells, given that FLT1 knockdown incompletely rescues angiogenesis in MO-miR-10injected zebrafish and incompletely restores proliferation in HUVECs lacking miR-10 at later stages. HOXD10 was described as a very important target of miR-10 in the context of cancer invasion and metastasis. 21 In endothelial cells, HOXD10 overexpression can inhibit angiogenesis, 51 whereas Shen et al 24 recently demonstrated that the known angiogenic or antiangiogenic potential of thrombin or heparin, respectively, is mediated, in part, through regulation of miR-10b and HOXD10. Our data establish FLT1 as a novel target for miR-10 in endothelial cell biology during development and suggest that miR-10 coregulates multiple targets to modulate the angiogenic behavior of vascular endothelial cells. Interestingly, recent reports showed that heparin treatment is accompanied by a strong induction of sFLT1 protein. 52, 53 We found that high-dose VEGF could not rescue the proliferation defect or the reduced angiogenic behavior of HUVECs lacking miR-10, despite the rescue of KDR phosphorylation. In mice, FLT1 depletion can be partially rescued by expressing an FLT1 variant lacking the tyrosine kinase domain. 10 Furthermore, proliferation and branching of vessels derived from FLT1-mutant ESCs can be rescued by soluble sFLT1. 8, 10, 43 These findings suggest that FLT1 predominantly functions as a sequestering receptor for VEGF, preventing it from binding to KDR, and that the tyrosine kinase domain may be dispensable for FLT1 function during early development. However, others showed that signaling downstream of FLT1 is particularly important for antagonizing KDR-mediated proangiogenic signaling without affecting KDR or mitogen-associated protein kinase phosphorylation. 45, 54 Our data favor a dual role of FLT1/sFLT1 in titrating the dose and spatial availability of VEGF, particularly through sFLT1, and a distinct KDR-antagonizing signaling cascade downstream of FLT1. Further studies are needed to dissect the signaling events downstream of FLT1.
With miR-10, we provide evidence of a miRNA that fine-tunes the tightly balanced process of vascular formation by targeting an important growth factor receptor. Our study establishes miR-10 as an important new target to modulate angiogenesis. As FLT1, sFLT1, and miR-10 are expressed in various tissues and are proposed to be involved in the pathogenesis of various diseases, including cancer, studies linking miR-10 levels with FLT1 expression in diseased tissues could provide further mechanistic insights and new opportunities for novel therapeutic approaches. [55] [56] [57] 
